The high temperature deformation behaviors of low-carbon steel QD08 were investigated by hot compression tests over temperatures from 1000°C to 1200°C and strain rates from 0.1 to 10 s
Introduction
During hot forming processes, materials undergo a high-temperature, dynamic and transient process, and metal flow behaviors are very complex. The hardening and softening mechanisms are both significantly affected by the thermo-mechanical parameters, such as deformation degree, forming temperature and strain rate. 1 Generally, there are several types of microstructure evolution during hot deformation, such as dynamic recovery (DRV), dynamic recrystallization (DRX), static recovery (SRV), static recrystallization (SRX), metadynamic recrystallization (MDRX), grain growth, and phase transformation. 2, 3 In order to obtain the optimum hot working process, a good understanding of hot deformation behaviors, kinetics of metallurgical transformation and processing maps are very important for the designers of metal forming processes.
Low-carbon steels have been widely applied in automotive body parts, structural components of construction machinery and other aspects due to their relatively low cost and easy processing. Many industrial applications require the components that have proper microstructure, good mechanical properties and good dimensional stability. Knowing the deformation behavior of the materials is helpful to control the shape and the property of the products during and after hot working process. The hot deformation behavior is generally described by the relationship between the flow stress and the processing parameters (deformation temperature, strain rate and strain). Therefore, it is very necessary to investigate this relationship. In recent years, the processing maps based on dynamic materials model, which is developed by Prasad et al. 4 are being used to design hot working schedules and control microstructure for some typical low-carbon steels. Processing maps not only present the domains in which a decisive deformation mechanism of specific microstructure takes place, but also describe the instability regimes which should be avoided during hot working. Furthermore, optimal hot workability temperatures and strain rates are available through processing maps. Mutry et al. 5 optimized the hot working parameters for a low-carbon steel (0. 15 wt.% C) by the dynamic materials model. Also, Yang et al. 6 studied the processing parameters of a low-carbon bainitic steel based on the high-temperature flow behavior and microstructural evolution, and the optimum window for the hot deformation were identified as 930-980°C and 0.001-0.014 s 21 with peak efficiency of 41% and activation energy of 393.5 kJ/mol. Rajput et al. 7, 8 characterized the hot deformation behaviors of AISI1010 and low-carbon Ti-Nb microalloyed steel using constitutive equations and processing maps. Xiang et al. 9, 10 developed the processing map of Nb-V-Ti and Q690 low-carbon microalloyed steel by the dynamic materials model (DMM), and the relationship between microstructure and hot workability were investigated through microstructural observations. Yang et al. 11 studied the hot workability of a low-carbon steel containing 0.20 pct C by the hot isothermal compression testing, and solved the problems of residual stress, distortion and flow instability of components using the processing map combined with the finite element method (FEM) model. Kang et al. 12 and Dong et al. 13 discussed the optimum hot working parameters for the micro carbon steel and Cr microalloyed low-carbon steel by processing maps and micrographs, and determined the apparent activation energy for hot deformation and the hot deformation equation in ferrite based on the experimental data.
QD08 steel is generally used for producing claw poles which are key parts of automotive alternators: its shapes and micro-grain sizes directly influence the waveforms of induced AC electromotive forces and electricity-generating capacity and noise of alternators.
14 Claw poles, as typically highly reinforced and branched parts, show complex shapes and impose high demands for quality and need hot forging. However, in the study of hot deformation behavior of low-carbon steels, the deformation temperature is generally in the critical austenite region or ferrite region below 1000°C, while the hot forging of claw poles is rarely studied in the high temperature austenite region (1100°C-1200°C). The high temperature rheological data and constitutive relationship governing the behavior of this material are not found in many major commercial simulation software suites (such as DEFORM). In this study, the high temperature deformation behaviors of low-carbon steel QD08 are investigated by isothermal compression tests under wide ranges of forming temperature (1000°C-1200°C) and strain rate (0.1-10 s
21
). The effects of forming temperature, strain rate and strain on the flow behavior are discussed. Based on the dynamic material modeling, the processing maps of the studied low-carbon steel are constructed to optimize the hot working domains. In addition, the microstructural evolution is analyzed to validate the established processing maps of the studied QD08 steel.
Materials and experiments
Low-carbon steel QD08 was used in the experiment and its chemical composition (mass fraction (%)) is shown in Table 1 . The bar materials were processed as cylindrical samples measuring F8 mm 3 12 mm, and the two ends were planished and grease was smeared onto the surfaces to reduce the influence of fractional composition on the stress state. A uniaxial compression test of the low-carbon steel QD08 was conducted using a Gleeble 3500 thermal simulation test machine. The rate of temperature increase, holding time and total compressive strain were 10°C/s, 5 min, and 70%, respectively. Moreover, the steel was subjected to hot compression deformation at 1000°C, 1100°C, 1150°C, and 1200°C at strain rates of 0.1 s , respectively. An argon shield was used in the compression process to prevent the oxidation of sample surfaces. The samples were water quenched immediately after deformation structures, so as to conveniently observe microstructural characteristics after thermal deformation. In order to analyze the effects of the forming processing parameters on the microstructures, the grain structures of the deformed specimens were observed by optical microscope (OM). First, the deformed specimens were sliced parallel to the axial section, and then the exposed surface was polished and etched in a solution consisting of supersaturated picric acids and dodecyl sulfonate sodium to observe the austenitic grain structure. In addition, alcohol solutions containing 3% nitric acid (volume fraction) were used as a corrosionagent to allow observation of the ferrite structures. Figure 1 shows the microstructure of the studied QD08 steel before the hot compression. It is found that the microstructure is composed of fine equiaxed grains with a mean grain size of 14 mm. The foils for TEM examination were prepared by hand grinding to a thickness of 70 mm and then thinned using twin-jet electropolishing with a solution of 10% perchloric acid in ethanol.
Results and discussions

Flow stress behavior
The true stress-true strain curves of the low-carbon steel QD08 in the isothermal compression tests are shown in Figure 2 where the flow stress curves of the QD08 steel at different strain rates and deformation temperatures are presented. The flow stress rapidly increased with increasing deformation when the deformation was small. Upon exceeding a certain strain, the flow stresses tended to be constant or slightly decreased. At the same strain rate, the flow stresses at low deformation temperatures (1000°C) were significantly higher than those at other temperatures; however, owing to the test temperature being close to, or greater than 0.7 to 0.8 T m , dynamic recrystallization might occur in austenite deformation with low stacking fault energies. In addition, it can be seen from the stress-strain curves that the softening at high strain rate (.5 s 1 ) and low deformation temperature (1000°C) was characterized by dynamic recovery, the other stress-strain curves showed special shapes; the stress increases with the increase of deformation at the initial stage of deformation, after reaching the peak value (s p ), the yield stress decreases to a constant value (s s ) due to dynamic recrystallization. At this time, the balance between work hardening and dynamic softening is reached. Furthermore, with the decrease of deformation temperature and an increase in the strain rate, the peak stress (s p ) and strain required for the appearance of peak stress, that is, peak strain (e p ) increased.
Kinetic analysis
Activation energy and constitutive equations. In general, thermal activation of metal materials occurs with hightemperature deformation and the flow stress is closely related to different deformation temperatures, strain rates, and the extent of the deformation, which can be described using the following three forms
(for all stress) ð3Þ
Where A 1 , A 2 , A, n 1 , n, a, and b are constants relating to the steel and a = b=n 1 . Q and R indicate the thermal deformation activation energy (kJ/mol) and molar gas constant (R = 8.3145 J/(mol.K)). Moreover, T, _ e, and s represent the deformation temperature (K), the strain rate (s 21 ), and the flow stress (MPa), respectively.
After taking logarithms of both sides of (1) and (2), the following formulae are obtained
ln _ e = ln A 2 + bs ð5Þ
ln _ e; ln s and ln _ e;s curves were obtained by fitting stress peak data acquired from the hot compression testing of the low-carbon steel QD08 using Origin software ( Figure 3 ). According to the average slopes of the curves, n 1 = 7.22039 and b = 0.061733, thus a = b=n 1 = 0:00855. By using the same method, that is, taking the logarithm of both sides of equation (3) ln _ e = ln A + n ln½sinh (as) À Q RT ð6Þ
ln _ e; ln½sinh (as) and ln½sinh (as);1000=T curves were drawn ( Figure 4 ). It can be seen that the double logarithmic relationship between the hyperbolic sine of flow stresses and strain rate, as well as the hyperbolic sine logarithm of flow stresses and reciprocal of temperature, showed apparent linear relationships. Therefore, it is considered that when the low-carbon steel QD08 was deformed at high temperature, stress, and strain rate it satisfied the Arrhenius-type hyperbolic sine relationship. Therefore, Arrhenius relationships of hyperbolic sine form including the term Q of deformation activation energy can be used to describe the flow stress behavior 16 of the material in hightemperature deformation, as shown in equation (3) . By taking partial derivatives of both sides of equation (6) and rewriting, it is seen that By substituting the average slopes of the curves in Figure 4 (a) and 4(b) into equation (7), it was found that Q = 219.7731 kJ/mol. Formula (6) demonstrates that the average slope of the curves in Figure 3 (a) was n (n = 5.3527) and the intercept was ln A À Q=(RT) =À0:85568, and then parameter A was 1.2206 from the known Q, R, and T values. When these parameters are substituted into equation (3), the high-temperature flow stress equation of the low-carbon steel QD08 is 
The temperature compensated strain rate parameter or the Zener-Holloman is evaluated, and the relationship between Z and peak stress could be represented by following equation
At a constant initial grain size, the dependence of strain corresponding to the peak strain (e p ) on the Z could be expressed as power law type of equation
where, the parameters A and n depend on the lowcarbon steel composition. The plot of Z and (e p ) in logarithm scale is show in Figure 5 . It can be seen from Figure 4 that the correlation coefficient R for the linear regression of lnZ and ln(e p ) is 0.99247, indicating that this plot exhibits a good linear correlation between flow stress and Z value. Thus, the relationship between Z and (e p ) could be represented by the following equation (11), it can be seen that the peak strain (e p ) increases with the increase of Z for the lowcarbon steel QD08.
Critical conditions for DQ08 dynamic recrystallization. The stress-strain curves show the macroscopic changes of microstructures in the material, while the critical strain for dynamic recrystallization is a key criterion used to determine whether dynamic recrystallization occurs during thermal deformation. It is generally acknowledged that the strain corresponding to the stress peak on the true stress-strain curve can be used as the critical strain for dynamic recrystallization. However, as for stress-strain curves without an obvious stress peak, it is difficult to directly determine this effect from the curves. Poliak and Jonas 16 proposed critical dynamic conditions based on thermodynamically irreversible principles and studied the dynamic recrystallization and critical conditions of materials by using a work hardening rate method. The work hardening rate (u) indicates the rate of change of flow stresses with respect to strain u = ∂s=∂e. When dynamic recrystallization occurs in a material, there is an inflection point that appears in the lnu-e curve and ( À ∂( ln u)=∂e) À e curve has a minimum value. The strain value corresponding to the inflection point is the critical strain point for dynamic recrystallization.
The stress-strain curves in Figure 2 were non-linearly fitted by using Origin software. Based on the ∂s=∂e ' Ds=De relationship, curves of the work hardening rate (ln u) versus strain (e) under different deformation conditions were obtained. The strain corresponding to the inflection point was the critical strain value. To determine the position of the inflection points on the curves, the first-order partial derivative (∂( ln u)=∂e) was calculated for the ln u-e curve, thus obtaining the ( À ∂( ln u)=∂e) À e curve. By taking the data obtained from hot compression testing at a strain rate of 0.1 s 21 as an example, the relationship between strain hardening rate and strain was obtained ( Figure 6 ).
The lowest point of the curves can be used to determine the critical strain values for dynamic recrystallization under different conditions. By employing the same processing method, the critical strain values for dynamic recrystallization under different deformation conditions were obtained. The critical strain, and peak strains, under different deformation conditions are listed in Table 2 .
With the increase in deformation temperature and decrease in strain rate, the critical strain (e c ) and the peak strain (e p ) of dynamic recrystallisation generally decreased, indicating that dynamic recrystallisation occurred readily. This coincided with the characteristics of the stress-strain curves. Furthermore, they showed certain linear correlations. After linear fitting, e c = 0:6254e p , which was then substituted into equation (11) to get From equation (12) , the critical strain for dynamic recrystallisation of the low-carbon steel QD08 under certain deformation conditions (e.e c = 61:9381Z 0:1033 ) can be predicted, which provides a theoretical reference for formulating the processing parameters pertinent to heat deformation.
Processing maps
The principles for processing maps. The maps describing the processing characteristics of materials are known as processing maps. A DMM is established based on the basic principles including physical system simulation, continuum mechanics, and irreversible thermal dynamics. The hot processing maps established by this model are widely used to characterize hot processing performances of materials and optimize hot processing parameters. DMM regards the heating process as a system. In hot forming processes, the total external power input is represented as P = s _ e. The total power is consumed in two ways: on the one hand, the total power is used for power consumption (most of the energy is Figure 6 . The stain hardening rate-strain curves of QD08 at 0.1 s
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transferred into visco-plastic heat) caused by plastic deformation of the material, that is, its dissipation capacity G. On the other hand, the total power is used to generate structural changes in the deformation of materials including that power dissipated in the dynamic response and recrystallisation, which is known as dissipative association J. 4 Their inter-relationship is expressed as
The proportions of these two energies are determined by strain rate sensitivity m of the material, namely,
The efficiency factor h of power dissipation is introduced to indicate the power dissipation when the microstructure of the material changes, it is defined by
The contour map of power dissipation factors is drawn on the two-dimensional plane formed by strain rate _ e ð Þ and deformation temperature T ð Þ, thus forming a power dissipation map for the material, which denotes the power dissipation of structural evolution in the deformation of materials. The microstructural deformation mechanisms, such as dynamic response and recrystallisation, are analyzed under different deformation conditions in tandem with metallographic observations. While establishing processing maps based on DMM, non-dimensional parameter j _ e ð Þ as defined in (16) is generally adopted to determine the instability of materials. 17 Similarly, the contour map of the instability criteria is drawn on the two-dimensional plane formed by strain rate _ e ð Þ and deformation temperature T ð Þ, thereby forming the instability map of the material. By overlapping the instability map on the power dissipation map, the processing maps are obtained. By using the processing maps, the high-temperature deformation mechanisms were analyzed under different conditions and the instability and safe areas of operation of the material was determined. This provides theoretical and practical bases for optimizing hot processing parameters and controlling deformation structures in a material
Processing map of low-carbon steel QD08. As shown in Figure 3 (a), lg s and lg _ e showed strong linear correlations at different temperatures. Therefore, the DMM was used to calculate the hot processing maps of the low-carbon steel QD08 and determine the flowing deformation induced instability areas and safe areas in the processing maps.
Based on the powerful matrix computing capacity of MATLABä, the cubic spline function was used to fit lg s and lg _ e test data. Afterwards, the strain rate sensitivity m and efficiency factor h of power dissipation were calculated using equations (14) and (15), separately. In accordance with the instability criterion given in equation (16), j _ e ð Þ was obtained by using a cubic spline curve fitting method. Based on DMM, the data of hot processing maps of the low-carbon steel QD08 were calculated, as shown in Table 3 . Based on the data in Table 3 , the power dissipation and instability maps were drawn. Then, the hot processing maps of the low-carbon steel QD08 were obtained by overlapping the instability maps on the power dissipation maps ( Figure 7) .
As shown in the power dissipation map ( Figure  7(a) ), there are two peak areas (the areas of maximum h value): domains A and B. In domain A, the temperature, strain rate, and power dissipation coefficient are 1070°C-1100°C, 5-10 s
21
, and about 0.31-0.35, respectively. Moreover, the temperature and strain rate corresponding to the peak are 1100°C and 10 s
. In domain B, the temperature, strain rate, and power dissipation coefficient are 1050°C-1100°C, 0.1-0.2 s
, and around 0.31-0.35, respectively. Furthermore, there is a valley area (the area of minimum h value), that is, domain C. The temperature and strain rate are 1045°C-1,075°C and 0.45-0.7 s
, separately, and the power dissipation coefficient is less than 0.15. The instability maps (Figure 7(b) ) reveal that there is an unstable area for the low-carbon steel QD08 tested in this experiment (the temperature and strain rate are 1050°C-1100°C and 0.1-0.25 s 21 , respectively). Power dissipation maps are also known as microstructural trajectory diagrams and represent the microstructural rate of change during hot processing deformation. Areas with higher power dissipation are generally considered as having better processing performances. However, failure mechanisms (wedge cracks) generally occur in areas with higher power dissipation coefficient as well. Therefore, it is necessary to verify the processing performance by further combining the microstructures of samples, so as to obtain the mechanisms underpinning microstructural change in different areas of the processing maps, and validate the reliability thereof.
18 Figure 8 shows the threedimensional power dissipation efficiency map of the low-carbon steel QD08. It demonstrates the trends in the two peak areas (domains A and B) and one valley area (domain C) of power dissipation efficiency with different processing parameters. In peak domain B, with low strain rates, the power dissipation efficiency of the studied QD08 steel dramatically changed, indicating that the hot processing performances were extremely unstable in this area and flowing deformation instability occurred in local areas.
Microstructural evolution in different domains of the processing map. The image quality map (IQ) and inverse pole figure (IPF) of the specimen at different deformation conditions are shown in Figure 9 . The orientations and colors of each point in grains were represented in standard projected triangle of IPF. It can be seen that under the deformation conditions in the section adjacent to area A (the temperature and strain rate were 1070°C-1100°C and 5-10 s
), the grains were equiaxial and uniform with small size. Moreover, the grain boundary was flat and there was no annealing twin in the grains (Figure 9 (a) and 9(c)). This was typical structures of dynamic recrystallization. Under the deformation condition in the section adjacent to area B (the temperature and strain rate were 1050°C-1100°C and 0.5-0.2 s 21 ), owing to litter energy was stored in the grains at such low strain rate, the driving forces of recrystallization were low. Furthermore, during the long process of deformation, the dislocations in some areas had enough time to cancel each other out, causing decrease in nucleation sites and providing favorable conditions for further development of grains. This area exhibited obvious grain coarsening, and cracks were produced under large strains. Wedge cracks were observed in trigeminal grain boundaries, as shown in Figure 9 (e). In the section adjacent to area C (the temperature and strain rate were 1045°C-1075°C and 0.45-0.7 s
), the efficiency factor h of power dissipation significantly decreased due to deformation concentration (local deformation concentration is shown in Figure 7(g) ). The higher the strain rate was, the narrower the deformation band and the more obvious the deformation concentration. At lower temperature and higher strain rate, the deformation concentration bands might develop into adiabatic shear bands, thus leading to processing instability.
The orientations and colors of each point in the grains were shown in standard projected triangle of IPF. Many different colors were found in each grain, indicating certain orientation differences existing in the grains. However, blue areas with larger misorientation in Figure 9 (f) accounted for a large proportion and adjacent grains demonstrated highly contrast colors, which probably resulted from split of grains by wedge cracks.
In order to clearly observe the structural characteristics, especially, dislocation configurations and distributions in the deformed grains, TEM was used for observations under different deformation conditions, as shown in Figure 10 . In the area close to area A, the grain boundaries were flat and a larger number of dislocations were released through refining grains due to dynamic recrystallization in the deformation process, causing low dislocation density in grains and on grain boundaries (Figure 10(a) and (b) ). Meanwhile, a gradient of dislocation density was found in the grains and grain boundaries in area B and a large number of dislocation winding appeared in the grains (Figure 10(c) ). This is because of low strain rate and degree of responses. Furthermore, the dislocation density caused by deformation increased and it was difficult to eliminate crack grains through response. Therefore, dynamic recrystallization did not occur and grains are still large. As for area C, owing to local deformation, a larger number of dislocations concentrated adjacent to grain boundaries, forming dislocation walls (Figure 10(d) ). With the increase of strain rate, the dislocation winding decreased and thereby substructures became clearer. Obvious sub-grain boundaries were observed when the strain rate was 5 s
, which indicated apparent recrystallization, as demonstrated in Figure 11 .
Hot processing parameters designed according to hot processing maps. Dynamic recrystallisation released a large number of dislocations, produced in the process of material forming through refining grains to maintain a certain dynamic equilibrium. Furthermore, the power dissipation efficiency was high in this area so that the microstructure of the material improved, thus ensuring stable stress states and good processing performances during hot processing. Therefore, when determining processing parameters in accordance with hot processing maps, the dynamic recrystallisation area is suggested to be selected as a matter of priority. 19, 20 Based on the foregoing analyses of hot processing maps and microstructural observations, the peak areas with higher power dissipation efficiency need to be considered first while selecting the hot processing parameters for a low-carbon steel such as QD08. However, the recrystallized, and original, grains are likely to be coarsened during high-temperature deformation, thus significantly reducing the performance of the material. Therefore, it is better to carry out hot forming processing of low-carbon steel QD08 at 1070°C-1100°C at a strain rate of 5-10 s
.
Conclusion
The hot deformation behavior of low-carbon steel QD08 has been studied in a wide range of temperatures and strain rates (1070°C-1100°C and 5-10 s
21
) using a thermo-mechanical simulator (Gleeble 3500). Experimental data were analyzed and employed for kinetic analysis as well as to develop the processing map. Detailed microstructural investigations were carried out to validate the domains of the processing map. The following conclusions are drawn from this study: 
The processing maps of low-carbon steel QD08
at different deformation conditions have been developed employing DMM. It has been observed that two peak areas with high power dissipation efficiency in the processing map, and the two peaks correspond to a safe processing region and an unstable region, respectively. However, instability domain (at low temperature) is reduced significantly as strain rates below 1 s
21
. 3. Low-carbon steel QD08 exhibits a wide stable domain of 5-10 s 21 spanning over 1070°C-1100°C, with a peak efficiency of ;35%. Based on the processing map and subsequent microstructural observation, the optimum hot deformation domain of low-carbon steel QD08 is identified as 1070°C-1100°C and 2.5-10 s
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